Introduction: Peripheral nerve injuries are encountered frequently in clinical practice. In nerve repair, an end-to-end suture is the preferable choice of treatment. However, where primary closure is not possible, the defect is to be repaired with a nerve graft. Methods: A total of 21 female Wistar rats weighing 230 to 290 g were used in the study. They were classified into the following 3 groups: (I) nerve graft, (II) vein graft, and (III) minced nerve graft. In group I, after exposure of the tibial nerve, a 1-cm-long nerve gap was created on the tibial nerve, and the defect was repaired epineurally by using the autogenous nerve. In group II, the 1-cm tibial nerve defect was repaired by using an autogenous vein graft. In group III, a 1-cm nerve graft was divided to 3 equal parts, with one of the nerve parts being minced with microscissors and placed in the vein graft lumen. Thereafter, a 1-cm tibial nerve defect was repaired by the vein graft filled with minced nerve tissue. The tibial function indices (TFIs) were calculated for functional assessment using the Bain-Mackinnon-Hunter formula. Light and electron microscopic evaluations were performed for morphometric assessment. In addition, the myelinated fibers were counted in all groups. Results: The TFIs of group II were found to be the lowest among all the groups after the sixth week, whereas the TFI of group I was found to be better than the other groups after the sixth week. There was no difference in TFIs between group I and group III. On the basis of the number of myelinated fibers, there was no statistically significant difference between group I and group III, whereas the difference was significant (P G 0.05) between groups I/III and group II. Presence of peripheral nerves in light microscopic evaluation revealed normal characteristics of myelinated fibers in all groups. The myelinated axon profile was near normal in the nerve graft group in electron microscopic evaluation. However, there were more degenerated axons with disturbed contours and vacuolizations in the vein graft group compared to the minced nerve graft group. Conclusions: We can conclude that using minced nerve tissue in vein grafts as a conduit increases the regeneration of nerves (almost like the nerve graft group) and it may not be caused by donor-site morbidity. It can be used in the repair of nerve defects instead of autogenous nerve grafts after further experimental evidence and clinical trials.
Key Words: nerve regeneration, nerve repair, nerve graft, minced nerve, vein graft, conduit (Ann Plast Surg 2014;73: 540Y546) P eripheral nerve injuries are encountered frequently in clinical practice. And peripheral nerve defect repair is a challenging problem in reconstructive surgery. 1 There are numerous experimental studies that try to find better nerve regeneration procedures, even in diabetic ones. 2 In nerve repair, an end-to-end suture is the preferable choice of treatment. 3 However, where primary repair is not possible, the defect is to be repaired with a nerve graft, vein graft, or conduit according to the defect size. Nerve autografting is the most common surgical procedure to repair nerve defects. 3Y5 There are 2 materials traditionally used for the repair of nerve defects, namely, autogenous and nonbiological materials. Autogenous materials (except for the autogenous nerve) lead to problems such as tubular collapse, scar tissue proliferation, poor regeneration, and adhesion. Nonbiological materials like silicone tube, nylon fiber tube, polyurethanes, and others can provide tubular support for nerve regeneration, but they cannot be degraded or absorbed in vivo. And they become foreign bodies after nerve repair and they initiate foreign body reaction to the nerve. 3 Consequently, autogenous nerve grafting remains the gold standard for repairing peripheral nerve defects. 1 However, the sacrifice of functioning nerves for their use as grafts has prompted the investigation of alternative conduits for the repair of the peripheral nerve defects. 1, 6 Dellon and Mackinnon studied nerve regeneration in bioabsorbable conduits and demonstrated that the peripheral nerve can regenerate across 3-cm nerve gaps through an appropriate nerve conduit. 7, 8 Conduits provide guidance for axons to regenerate and, at the same time, lessen the exogenous fibrous tissue infiltration to the repair site. 9 Vein grafts, which are more abundantly available and induce less donor-site morbidity compared with nerve grafts, were found to be as effective as nerve conduits for repairing short nerve defects in the rat model as well as in humans. 10 Sensory results have been acceptable but not as good as conventional grafting. Therefore, vein grafts are recommended only for reconstruction of noncritical nerve gaps of less than 3 cm. 11 In 2007, Terzis and Kostas used vein grafts filled with minced nerve tissue as conduits for brachial plexus reconstruction in 2 patients. The patients presented early for brachial plexus reconstruction, at 11 and 14 weeks. Both of the patients did not have enough nerve graft. In the first case, there were only vestigial sural nerves, whereas in the second, long nerve grafts were needed. They used vein grafts of 2.4, 3.5, and 22 cm in length that were filled with minced peripheral nerve tissue as bridges. And their long-term results were very satisfactory. 9 However, no further experimental and clinical study has been conducted for investigating the effect of a vein graft filled with a minced nerve graft for nerve repair and regeneration. Thus, we were excited and inspired by the operations of Terzis and Kostas, and considered that a vein graft filled with minced nerve tissue can contribute nerve healing in rats.
MATERIALS AND METHODS
All the procedures adopted in this study were approved by the Institutional Animal Care and Use Committee of Bezmialem Vakif University. A total of 21 female Wistar rats weighing 230 to 290 g were used in the study. The rats were then housed in a cage (7 rats per cage) and given water and rat chow ad libitum. They were caged at room temperature with a 12-hour light/dark cycle.
Three groups, including 7 rats each, were created: (I) nerve graft, (II) vein graft, and (III) minced nerve graft.
Surgical Procedure
All the animals underwent surgery at the same time. They received anesthesia with a 50-mg/kg intraperitoneal ketamine (Ketalar 2% Flakon; Pfizer) and 10-mg/kg xylazine (Rompun; Bayer) injection. All the surgical procedures were performed by the same surgeon using a sterile microsurgical technique on the right sides and only using a 10Â magnification. By convention, the right side served as the experimental side for surgical procedures, whereas the left side served as the normal control, allowing for comparison in the same animal. The right limbs of the rats were cleaned with iodine solution. The 3 major fascicles of the sciatic nerve were exposed by a gluteal muscle-splitting incision. The left sides were left untouched. After exposure of the tibial nerve, a 1-cm-long nerve was excised just after the trifurcation and a one 1-cm-long gap was created on the tibial nerve.
Nerve Graft Group (Group I)
The defect was repaired epineurally with 10-0 ethilon sutures (Ethicon, Johnson & Johnson Intl; Belgium) using an excised autogenous nerve graft from the same locale ( Fig. 1A ). Muscle and skin incisions were then closed with 4<0 silk sutures (Dogsan Tibbi Malzeme Sanayi AS; Trabzon, Turkey).
Vein Graft Group (Group II)
The defect was repaired with 10<0 ethilon sutures (Ethicon, Johnson & Johnson Intl) using a 1-cm autogenous jugular vein graft harvested from the left side of the cervical region and rinsed in saline solution ( Fig. 1B ). Muscle and skin incisions were then closed with 4<0 silk sutures (Dogsan Tibbi Malzeme Sanayi AS).
Minced Nerve Graft Group (Group III)
A jugular vein graft of 1 cm in length was harvested from the left side of the cervical region and rinsed in saline solution. The nerve graft of 1 cm in length was harvested from the tibial nerve and divided into 3 equal parts, one of which was minced with microscissors ( Fig. 2A  and B ). First, one side of the vein graft was attached to the proximal end of the tibial nerve with 10<0 ethilon sutures (Ethicon, Johnson & Johnson Intl), and the minced nerve graft was distributed equally in the lumen of the vein graft ( Fig. 1C) . A nerve graft of only 1/3 cm in length was used for each animal in group III, as opposed to groups I and II. Subsequently, the free side of the vein graft was connected to the distal end of the tibial nerve with 10/0 ethilon sutures (Ethicon, Johnson & Johnson Intl). Thereafter, muscle and skin incisions were closed with 4<0 silk sutures (Dogsan Tibbi Malzeme Sanayi AS).
Functional Assessment
The functional assessment technique described by Bain et al 12 was used for the assessment of walking tracks. All analyses and evaluations of walking tracks were carried out during the first 12 weeks after surgery. 13 In brief, the animals were allowed conditioning trials in an 8.2 Â 42-cm walking track with a darkened goal box at the end. 12 White paper of appropriate dimensions was placed at the bottom of the track. The animals' hind paws were dipped in black india ink (Monopol, Istanbul, Turkey). The rats were placed at the beginning of the track and were allowed to walk through it to the goal box. Footprints were obtained at 0 (preoperatively), 2, 4, 6, 8, 10, and 12 weeks postsurgery. Toe spread, intermediary toe spread, and print length were measured on the footprints for the normal and experimental sides. The tibial function indices (TFIs) were calculated for each animal using the Bain-Mackinnon-Hunter TFI formula. 12 The used TFI formula is below: 
Morphological Assessment
After the last walking track analysis (12th week postoperation), 1-cm peripheral nerve specimens were taken from the sutured site to the distal tibial nerves for microscopic evaluation from each group. The nerves were fixed in 2.5% phosphate-buffered glutaraldehyde for 4 hours at 4-C overnight and washed in 0.1 M phosphate buffer (pH 7.4). The specimens were osmicated (1% phosphate-buffered osmium tetroxide) for 1 hour at room temperature, dehydrated in ascending series of alcohol (50%Y100%), and were cleared by propylene oxide. Finally, they were embedded in epoxy resin at 60-C. Transverse semithin sections with 1-Km thickness were cut on an ultramicrotome (Leica Ultracutter) and stained with toluidine blue before being examined under a light microscope (Olympus BX51; Tokyo, Japan). The photographs at 400Â magnification were obtained and the numbers of myelinated axons in the cross section of each nerve in the groups were determined by the ImageJ Program (ImageJ 1.44o, USA). For demonstrative purposes, pictures of 1000Â magnification were also obtained.
Transverse ultrathin sections were cut on an ultramicrotome (Leica Ultracutter) and collected on copper grids. After being stained with lead citrate and uranyl acetate, they were visualized on a JEM-1200EX II transmission electron microscope (Jeol, Tokyo, Japan).
Statistical Analysis
All data obtained were statistically analyzed using the Statistical Package for Social Sciences (SPSS 15.0). The significance of the changes in values of all 3 parameters for each group throughout the weeks was assessed by using the Kruskal-Wallis test. The differences between the groups for each parameter were compared in pairs by using the Mann-Whitney U test. P G 0.05 was considered statistically significant. No correction was made for multiple testing.
RESULTS
All rats remained healthy throughout the study without any automutilation or foot ulceration.
Functional Assessment

Walking Track Analysis
The mean values for the TFI tests are given in Table 1 . The walking track analysis results are presented in Figure 3 . All groups revealed a progressive decline in TFIs, indicating a gradually deteriorating nerve function after surgery. The TFIs of group II (vein graft group) were found to be the lowest among all the groups after the sixth week, whereas the TFIs of group I (nerve graft group) were found to be better (higher) than the other groups after the sixth week. There was no difference in TFIs between the groups in the first 8 weeks. After the eighth week, the difference was statistically significant between group 1 and group 2; and between group 2 and group 3 (minced nerve graft group) (P G 0.05). But there is no difference between group 1 and group 3.
Morphological Assessment
The mean values of the nerve fiber counts of the groups are given in Table 2 and Figure 4 . On the basis of the number of myelinated fibers, there was a statistically insignificant difference between group I (nerve graft group) and group III (minced nerve graft group). But the differences between group I and group II (vein graft group) as well as between group II and group III were significant (P G 0.05), with a much larger fiber count for group I and group III compared to group II.
Toluidine blueYstained peripheral nerve semithin cross sections, observed under a light microscope, revealed normal characteristics of myelinated fibers in group I (Fig. 5A ). Sparse myelinated axons were observed in group II when compared to groups I and III . All groups revealed a progressive decline in TFIs, indicating a gradually deteriorating nerve function after surgery. There was no difference in TFIs between groups in the first 6 weeks. The TFIs of group II were found to be the lowest among all the groups after the sixth week, but there is no difference between group 1 and group 3.
( Fig. 5B ). Group III showed regular distribution of nerve fibers (Fig. 5C ). Electron micrographs of transverse sections of the peripheral nerves in group I revealed near-normal axonal morphology with regular appearing neurofilaments (Fig. 5D ). In group II, beside normal appearing axons, degenerated axons with disturbed contours and vacuolizations were also observed ( Fig. 5E ). In group III, few myelinated axons with vacuolizations were observed beside the ones with normal morphology (Fig. 5F ).
DISCUSSION
The desired repair method in peripheral nerve injuries is early primary repair. 14Y16 However, in some cases, early primary repair may not be performed for reasons such as nerve defects. 17 In this situation, autogenous nerve grafting is still the gold standard for nerve repair, although it has donor-site complications. 7,18Y25 For this reason, alternative graft materials like vein grafts, artificial tubes, vein grafts filled with various materials, and others are searched for optimum nerve regeneration. 7,19,26Y28 However, despite significant advances in biomaterials and experimental studies currently, there is no ideal material substitute for an autogenous nerve.
In this study, we aimed to repair nerve defects with a vein graft filled with minced nerve tissue, and with minimal donor-site morbidity. Autogenous vein grafts have been experimentally and clinically demonstrated to be supportive conduits for nerve fibers to regenerate. 10, 11 Veins are nonimmunogenic, cause less inflammatory reaction, are rich in laminin, easy to harvest, and are available in a wide variety of sizes. 29 The walls of veins are resilient enough to act as a barrier against scar ingrowth and are permeable enough to allow diffusion of the proper nutrients. 30 The disadvantage of using vein grafts is the possibility of vein wall collapse. In the presented study, filling the vein graft lumen with nerve tissue in saline is supposed to prevent the collapse.
Another topic of interest which was investigated is the axonal guidance. There is a lot of literature which addresses the role of motor and sensory pathways as determinants of axonal guidance. 31Y35 Nichols et al investigated the effect of motor versus sensory nerve grafts on peripheral nerve regeneration. They examined the regeneration of the rat tibial nerve through motor, sensory, and mixed nerve grafts. They found good regeneration in the motor and mixed nerve graft groups, with a high number of regenerating fibers. But the sensory group nerve segments revealed clearly poorer regeneration. Their explanation for the possible reason was the absence of motor elements in the pure sensory pathways, and motor nerve grafts represent a more Schwann cell-rich milieu for regeneration. 31 In another paper, Brenner et al 32 investigated the effect of motor versus sensory grafts on nerve regeneration and functional recovery as a continuation of the study of Nichols et al, as there was a confounding point about graft architecture in the former study. As a result, motor nerve grafts supported regeneration across a predominantly motor defect more effectively than did sensory nerve grafts. Also, their study demonstrated that this was independent of graft caliber and fascicular content. 31 Besides, in this study, sensory nerve grafts seemed to actively inhibit motor neuronal growth. They observed that the distal fiber counts dropped as the number of sensory nerve cable grafts increased, with similar findings noted for the percentage of neural tissue and neural density. They did not observe the same pattern in the motor nerve graft groups. According to their finding, motor/sensory composition is a more important determinant of regenerative capacity than the physical constraints of graft configuration. 31 In clinical practice, sensory nerve grafts such as the sural nerve are used to reconstruct motor defects. However, the study of Brenner and Nichols et al stated that if a nerve defect can be repaired with a similar type of nerve graft (motor, sensorial, or mixed), the regeneration will be better.
In another study, which is the continuation of Brenner and coworkers' study, Brendan et al investigated whether the beneficial effect of motor nerve grafting was dependent upon the preservation of normal neural architecture. They used minced nerve tissue which was placed in silicone conduits to bridge a 12-mm gap in a rat sciatic nerve injury model. 36 They did not observe any significant difference between the motor, sensory, and mixed nerve fragment groups. But this study was performed with silicon tubes which are inert, nonbiological, and impermeable. Also, there was not a functional test in the study; only histological and morphometric analyses were done. Besides this, the amount of nerve grafts used in the groups was confusing. The nerve grafts used were different in length and diameter between groups. In contrast to this study, we found no difference between the nerve graft and minced nerve graft group in our study both functionally and morphologically, although the minced nerve graft group has a 1/3-cm nerve graft. The reason for the difference between our study and the study of Lloyd et al may be the conduit which was used to bridge the defect as well as the amount of nerve graft loaded into the conduits. We can then say that if we use a vein graft loaded with a minced nerve graft, the results will be similar to an autogenous nerve graft.
The evaluation of TFI results revealed that the vein graft group showed the poorest results. Walking track analysis revealed that the TFIs of the nerve graft group were better than those of the other groups, especially after the sixth week (Fig. 3 ). However, there was not a statistically significant difference between group I (nerve graft) and group III (minced nerve graft), but the difference was significant (P G 0.05) between group II (vein graft) and groups I (nerve graft) and III (minced nerve graft) after the eighth week. This indicates that minced nerve tissue application provides better nerve regeneration compared with the vein group, both functionally and histologically. When we compared the TFI and axon count results, there was no difference between the nerve graft group and minced nerve graft group. So we can conclude that nerve regeneration can be completed with less nerve tissue or Schwann cells in vein grafts. Therefore, in nerve defect management, such a way can be used.
Despite group III (minced nerve graft) having one third nerve graft tissue, this study showed that the use of a vein graft filled with minced nerve tissue in the repair of a nerve gap has almost the same myelinated axon numbers as the nerve graft group (Table 2, Fig. 4 ). In this experimental study, 1/3-cm nerve graft tissue has almost the same results compared with the 1-cm nerve graft. In nerve regeneration, grafted segments of nerve and distal segments undergo Wallerian degeneration. 11 However, the myelin sheath and the basal lamina provided by the Schwann cells remain intact. 37 Schwann cells in the distal stump proliferate. Survival of these Schwann cells is crucial for the regeneration of injured peripheral nerves. These proliferated Schwann cells lead to the formation of the Bands of Bungner, which provide a guide for the proliferating axons to reach their targets. Spontaneous functional recovery is dependent on the number of correctly matched motor and sensory neurons. 25,38Y40 In our study, we placed the nerve tissue equally into the vein graft lumen; this tissue contains the Schwann cells. The walls of veins are permeable enough to allow diffusion of the proper nutrients. 30 Therefore, Schwann cells can proliferate and provide a guide for the proliferating axons. Schwann cells synthesize at least 3 neurotrophic factors, such as nerve growth factor, brain-derived neurotrophic factor, ciliary neurotrophic factor, and basal lamina components, and this has a crucial role in regulating axonal growth. 9, 41, 42 Schwann cells were used in some conduits and it was shown that Schwann cells promote better axonal regeneration. 43Y46 By using nerve tissue inside the conduit, the proximal regenerating axons will be faced with the neurotrophic effect from a distal nerve segment, enhancing the length of the nerve gap covered by the tubulization technique. 9 We will discuss the clinical applications of the method later. By virtue of minced nerve grafts, we may be able to repair nerve defects with autogenous nerves (Schwann cells), and with minimal or no donor-site complications.
Light micrographs of the peripheral nerves revealed normal characteristics of myelinated fibers in all groups. However, sparse myelinated axons were remarkable in the vein graft group. Electron micrographs of the nerve graft group revealed regular axon morphology with normal appearing neurofilaments. But there were more degenerated axons with disturbed contours and vacuolizations in the vein graft group compared to the minced nerve graft group (Fig. 5 ). Mincing nerve tissue made a lesser change in axon morphology.
An important limitation of this study is that no animal model completely replicates the human condition of nerve regeneration. However, these results are encouraging for nerve repairs with minimal donor-site morbidity and had findings like those in autogenous nerve grafts. Vein grafts filled with a minced nerve graft were shown to be effective in this study; however, in clinical practice, its availability is questionable and needs further studies. Besides this, Terzis and Kostas used this technique in clinical practice with very good results. They used minced nerve tissue in vein grafts for brachial plexus injuries in 2 patients in 2007. The longest vein graft used was 22 cm, which was filled with minced nerve tissue, and successful regeneration took place. 9 The technique presented in our study can be clinically applied in several ways. Suppose that a nerve defect of approximately 2 or 3 cm is present, and an autogenous nerve graft is required, but not a vein graft or conduits because of collapse problems and high cost, respectively. In such a case, a determined ideal ratio of nerve tissue next to the nerve defect (this part is going to undergo degenerationV in our study we used 1/3) or any nerve tissue that cannot be used as a nerve graft is excised. Thereafter, a vein graft of sufficient length is harvested. The excised nerve tissue is minced and placed into the vein graft lumen equally. Then, the vein graft filled with minced nerve tissue is sutured to the nerve defect. In this way, we do not need to harvest a nerve graft from another site of the body, which avoids donor-site complications. Considering the clinical application of this technique, it seems that the nerve defect will enlarge. However, the nerve segment that is used as a minced nerve graft is going to undergo Wallerian degeneration anyway. Furthermore, with the presented technique, a nerve defect can be repaired with a nerve graft similar to the damaged nerve (motor, sensorial, or mixed), and Brenner and Nichols et al stated that the regeneration will be better using this method. 31, 32 In the second case, we do not want to take nerve graft next to the nerve defect or the case is not suitable to take nerve graft. For this case, we take a short nerve graft which does not exceed 3 cm, and reconstruct the nerve graft donor site with the vein graft. Thereafter, the nerve graft is minced and used for longer nerve defects in vein grafts. This provides the reconstruction of nerve defects and the nerve graft donor site with minimum donor-site morbidity. The most commonly harvested donor nerve is the sural nerve. 24 However, it has significant morbidities such as loss of sensibility and pain over the lateral aspect of the foot and ankle, 47 neuroma formation, 48 wound infection, and delayed wound healing. 49 Besides this, after further studies, we can harvest less important nerves and will be able to use small nerves for larger defects with this technique. For example, we can harvest a branch of the medical cutaneous antebrachial nerve instead of sural nerve. If this technique will be applicable to the clinical area, we will be able to use the harvested nerve graft for nerve defects which are 2, 3, or maybe 4 times longer than the harvested nerve graft length, and get rid of these complications.
In the third case, we need a long nerve graft or multiple nerve grafts, and we must harvest the nerve grafts from 2 sites. For this case, we will harvest a nerve graft (eg, 15 cm) from a donor site and, with the proposed technique, we will use it to repair the nerve defect or defects (eg, 30 or 45 cm). In this way, we are able to repair the defect with 1 nerve graft instead of 2.
Finally, we consider the case in which there is nerve tissue at the injury site that must be resected and cannot be used as a nerve graft. This nerve tissue can be minced and used in a vein graft. This may clinically useful if a nerve has been injured and needs resection, but can be recycled with the presented technique. It can thus eliminate the need for a donor site.
However, limitations on the diameter of the nerve need to be better understood because it is a very important variable in determining if this method is applicable in a given clinical scenario. Therefore, further experimental and clinical studies are needed to investigate the applicability of this technique and to determine the exact limitations on the ratio and diameter.
CONCLUSIONS
In the presented study, using minced nerve tissue in vein grafts as a conduit increases the regeneration of nerves, as in the nerve graft group. It can be used in the repair of nerve defects, instead of harvesting nerve grafts from other parts of the body, after further experimental evidence and clinical trials.
